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Design Considerations for a Density-Channel-Guided 
Laser Wake-Field Accelerator 

I. Introduction 

Experimental studies of intense laser pulse propagation in plasmas will have an impor- 

tant impact on a variety intense laser applications, such as laser-driven plasma accelerators 

[1-7], x-ray lasers and laser fusion concepts. Through the use of optical guiding, a laser 

pulse can propagate over distances larger than the vacuum diffraction (Rayleigh) length. 

One method of optically guiding a high-intensity laser pulse is by using a preformed plasma 

density channel. In plasma channel guiding, one tailors transverse density of the plasma so 

that the minimum is at the center of the laser pulse. This guiding is linear and thus works 

independently of laser power, even at high power[8]. The large amplitude plasma wave 

(wake field) that can be excited by an intense laser pulse propagating through a plasma 

channel can be used to trap and accelerate electrons. 

In this report, we consider the guiding of a laser pulse in plasma channel generated by 

a slow capillary discharge. In this process, an electrical discharge heats a capillary plasma. 

The plasma radiates, providing further evaporation of the capillary walls. A laser pulse 

propagating within the resulting plasma density channel excites a surface mode on the 

inside of the channel. The wake field extends into the center of the channel to produce an 

uniform accelerating field over distances of tens of diffraction lengths. 

Plasma-based accelerators have recently been the subject of extensive research because 

of their potential for high accelerating gradients, compact size and low cost compared 

with conventional rf-driven accelerators. Plasma-based accelerator concepts rely on the 

transformation of energy from either a laser pulse or an electron pulse to generate a large- 

amplitude wake field. The laser wake-field accelerator (LWFA)[l-5] and the plasma beat 

wave accelerator (PBWA)[6,7] are two important laser-driven accelerator schemes. 

In the LWFA, a short (TL < 1 ps), high power (P ~ 1 TW) laser pulse propagates 

in a plasma to generate a large amplitude (E > 1 GV/m) wake field.   The wake field is 

generated by the ponderomotive force exerted on the plasma electrons by the laser pulse. 

Because the phase velocity of the wake field is equal to the group velocity of the laser 
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pulse (vph = vgjaser), a properly phased electron bunch can be simultaneously focused 

and accelerated. The energy of the light pulse is thus transformed into kinetic energy of 

the electron bunch. Laser systems based on the chirped-pulse amplification technique are 

capable of delivering the short (< 1 ps), ultrahigh power (~ 1 TW) laser pulses required 

by the LWFA[9,10]. 

Two configurations of the LWFA have been theoretically and numerically investigated: 

(i) the "standard" LWFA[l-3] and (ii) the recently proposed self-modulated laser wake- 

field accelerator (SM-LWFA)[4,5], in which enhanced wake field amplitudes and enhanced 

acceleration are obtained. 

A. Standard Laser Wake-Field Acceleration 

In the standard LWFA, efficient wake generation requires L ~ Xp/2, where L is defined 

to be the full-width-at-half-maximum length of the laser intensity profile on axis, \p = 

2nc/u;p is the plasma wavelength, o;p = (47rn0e
2/m)1/2 and n0 is the ambient plasma 

density. In the mildly relativistic limit (a2, < 1), the peak axial electric field in the 

standard LWFA configuration is given by[3] 

Emax[GY/m] ~ 5.9 x lQ*^1^™!, (1) 

where r0 is the radius of the minimum laser spot size, A0 is the laser wavelength, P is the 

peak laser power and a linearly polarized laser has been assumed. The laser power P is 

related to the laser spot size r0, wavelength A0, and strength parameter a0 by 

P[GW]~21.5(a07.0/Ao)2, (2) 

assuming a Gaussian radial profile. The strength parameter a0 is related to the peak laser 

pulse intensity / by 

a0 ~ 8.5 x l(T10Ao[f*m]J1/2[W/cm2]. (3) 

The energy gain of an electron from the wake field is roughly the product of the accelerating 

field given by Eq. (1) and the effective interaction distance. Without optical guiding, the 

interaction distance is limited to Lint = TTZR, where ZR = 7rr2/A0 is the Rayleigh length. 

To improve the final energies of accelerated particles in the LWFA, higher accelerating 

fields and longer interaction distances are required. Accelerating fields can be increased by 



reducing the laser pulse-length, which is limited by technological considerations.  Longer 

interaction distances may be achieved if the laser pulse can be optically guided[8,ll,12]. 

B. Self-Modulated Laser Wake-Field Acceleration 

In the recently proposed self-modulated LWFA[4,5], enhanced electron acceleration is 

achieved via resonant self-modulation of the laser pulse[4,5,13]. This occurs when (i) the 

laser pulse extends axially over several plasma wavelengths, L > Ap, and (ii) the peak laser 

power satisfies P > Pc, where Pc is the critical power for relativistic optical guiding[14], 

PC[GW]~17(AP/A0)
2. (4) 

At fixed laser parameters, both conditions can be met by choosing a sufficiently high plasma 
1/9 

density. This is the case since Pc ~ l/n0 and Ap ~ l/n0 • Operation in the self-modulated 

regime has very significant advantages over the standard configuration. 

Wake fields generated in the self-modulated regime are more than an order of mag- 

nitude greater than those generated by a laser pulse with L = Ap/2, assuming fixed laser 

parameters.  Acceleration is enhanced for four reasons.  First, a higher density produces 
1 /2 

a larger wake field: Ez ~ nQ' . Second, the resonant mechanism excites a very-high- 

amplitude wake field in comparison to the standard LWFA. Third, since P > Pc, relativistic 

focusing[14,4,2,ll] further enhances the laser intensity, increasing do- Fourth, simulations 

show that a portion of the pulse will remain guided over multiple laser diffraction lengths, 

extending the acceleration distance. In the SM-LWFA, the maximum electric wake field 

Emax, is typically on the on the order of EWB = mcu;p/e, where EWB is the non-relativistic 

wave-breaking field. 

The self-modulation mechanism can be understood by considering a long laser pulse 

having I > Ap, with power P > Pc, such that the body of the pulse is relativistically 

guided[ll]. The leading edge of the pulse will create a low-amplitude wake field within 

the remainder of the laser pulse. Alternatively, this plasma wave can be generated via a 

forward Raman scattering (FRS) instability[15]. In the wake field, each region of decreased 

density acts as a local plasma channel to enhance the relativistic focusing effect, while each 

region of increased density causes defocusing. This results in a low-amplitude modulation 

of the laser pulse at Ap. The modulated laser pulse resonantly excites the wake field and the 



process continues in an unstable manner. This instability, which is observed to develop on a 

time-scale associated with laser diffraction, resembles a highly nonlinear two-dimensional 

form of the usual FRS instability. It is distinguished from FRS by its two-dimensional 

nature and by its growth rate, which increases dramatically as the P > Pc threshold is 

crossed. 

C. A Proposed Channel-Guided SM-LWFA Experiment 

If no optical guiding is present, the interaction length is determined by the diffraction 

of the laser pulse. The interaction length can be substantially increased if the focused laser 

pulse is optically guided by a preformed plasma channel. Demonstration of such guiding 

over a channel length Lchan = 1 cm in a capillary produced plasma channel is one of the 

major tasks of a proposed experiment to take place at Hebrew University (HU). For the 

experimental parameters, given in Table I, Lchan = 32ZR. 

For these parameters, the standard LWFA requires Xp = 2L = 60 fim (n0 = 3.1 x 

1017cm-3), such that Eq. (1) gives Emax = 1.9 GV/m. The energy gain is then limited to 

&Wmax = EmaxLchan = 19 MeV. 

By contrast, simulations of a SM-LWFA configuration, based on experimental param- 

eters, show a significant improvement, with peak accelerating fields in excess of 50 GV/m. 

Thus, the HU experiment will be rely on the SM-LWFA concept. In a later stage of the 

experiment, an attempt will be made to couple an electron beam injector (750 kV Febe- 

tron) with the HU laser system. If successful, electrons with energies of several tens of 

MeV will be detected. 

In this report, a SM-LWFA configuration in which the laser pulse is optically guided 

will be considered. In Section II, the issue of phase detuning between the accelerated 

electron bunch and the wake field will be discussed. In Section III, beam-plasma and laser- 

plasma instabilities will be considered. In Section IV, simulation results on laser guiding, 

laser modulation and wake field generation will be presented. Preliminary experimental 

results on the generation of a plasma channel by a capillary discharge will be discussed in 

Section V. The paper concludes with Section VI. 



II. Phase Detuning 

For a laser pulse with P ~ 1 TW, operation at P ~ Pc implies a high plasma density 

(np ~ 1019 cm-3). At such high densities, the phase velocity of the wake field is reduced: 

_ Ap 
1/ph — 1fg,laser —   ,    7-1-5 (5) 

where j± = (1 + al/2)1'2. Simulations[4] show that acceleration in this regime can be 

limited by phase detuning [16]: 

2 2       A3 

AWmax = -eEmax\pllh = -eE2-f 7i. (6) 
7T 7T AQ 

Detuning of the synchronization between the wake field and the accelerated electron bunch 

occurs when the electron bunch "out runs" the wake field. Equation (6) illustrates the 

trade-off between detuning length (La ~ l/nP' ) and accelerating gradient (Emax ~ np' ) 

as rip is varied. For the SM-LWFA, energy gain is optimum at the lowest density for 

which laser self-modulation occurs, assuming that the laser pulse can be guided over an 

appropriately long distance. For the parameters of Table I, AW[MeV] ~ 1.72?TOOiE[GV/m] 

and EWB =* 270 GV/m. 

When used in a SM-LWFA configuration, the preformed plasma density channel in- 

creases the energy gain in two important ways: a) the pulse can be guided over very long 

distances (tens of ZR) and b) the P > Pc requirement for self-modulation is relaxed in a 

plasma density channel. [13] 



III. Beam and Laser Instabilities 

A. Beam-Plasma Two-Stream Instability 

The electron two-stream instability is not an issue for the parameters of Table I. The 

saturation amplitude of the two-stream instability[17], due to particle trapping, is given 

by ETS = 8ir~fnbmc2S, where 5 = ß2-r(nb/2no)1/3 < 1, 7 = (1 -/32)"1/2 is the relativistic 

factor of the injected electron beam, rib is the beam density, and ETS is the saturation 

amplitude of the electric field associated with the two-stream instability. The ratio of the 

saturation amplitude of the two-stream field to the amplitude of the wake field is given by 

ETS/EWB ~ 2/37(n6/2n0)
2/3 < 10~4. For the parameters in Table I, ETS/EWB < 10~4. 

Hence, the two-stream instability is not a problem. 

B. Laser-Plasma Instabilities 

Various laser-plasma instabilities could affect the propagation of the laser pulse. In 

particular, Raman back scatter (RBS) and Raman side scatter (RSS) are not included in 

the numerical simulations, could degrade the laser pulse energy[18-22]. Saturation of RBS 

occurs due to particle trapping[18,19]. The ratio of the back scattered power at saturation 

to the laser pulse power is given by PRBS/P = (Ag/2a0A2)4/3, where a0 < 1 is assumed. 

For the simulation parameters, PRBS/P = 8.5 x 10~4. Hence, after propagating 0.1 cm, 

less than 0.5 % of the laser pulse energy will be back scattered. An additional problem is 

RSS, which can cause the tail of the laser pulse to erode[20]. This can limit the effective 

length of the laser pulse. As with RBS, RSS saturates due to particle trapping[23]. The 

saturation power is estimated to be PRSS/P = 10-3, implying an energy loss on the order 

of one percent during the 0.1 cm propagation. 

Some difficulty may arise due to the laser-hose (LH) instability[24,25]. In general, 

asymptotic growth rates for self-modulation, FRS and LH are comparable, with similar 

scaling with respect to laser power, pulse length, and propagation distance. Numerical 

modeling of the coupled LH and self-modulation instabilities[25] shows that the initial 

perturbation for self-modulation is the wake field, which can be quite strong. By con- 

trast, the perturbations which can drive LH are a)"noise" in the laser centroid and b) 

misalignment between the direction of laser propagation and the channel axis. As a result 



self-modulation will dominate if the LH perturbations are sufficiently small (on the order 

of a few percent, relative to the spot size of the laser). 



IV. Simulation: Laser Guiding and Modulation 

We have performed simulations of laser pulse self-modulation, channel guiding, and 

wake field generation for laser and plasma parameters corresponding to the proposed ex- 

perimental values. Several simulations were performed to optimize the final particle energy 

[Eq. (6)] as a function of the on-axis plasma density for fixed laser parameters. 

Possible variations in the plasma density along the length of the channel were also 

considered. The simulation presented below shows that the laser pulse remains guided even 

with significant variations in the on-axis channel density, as long as the on-axis density 

remains sufficiently below the density at the outer edge of the channel. This is true, in 

general, because typical channel radii are rchan ~ 100 /im, while the typical laser spot size 

is TQ ~ 10 /im. 

In the simulation, the initial on-axis density is n0 = 8.0 x 1018 cm-3 (Ap = 12 /zm). 

The plasma density varies parabolically versus radius to a density of 3n0 at the channel 

edge (rch.an = 40 /zm). Over the length of the 1 cm simulation, the on-axis density increases 

linearly to 2n0. The simulation was performed using the LEM[26] nonlinear fluid simulation 

model, which uses "speed of fight" coordinates (r, ( = z — ct, r = t). 

The 0.3 TW laser has parameters given in Table I. Figure 1 shows the modulated laser 

pulse after CT = 0.75 cm of propagation. In the figure, the direction of laser propagation 

is towards the right. A plot of the laser power vs ( at CT = 0.75 cm, Fig. 2, shows that 

the laser power is also modulated. This indicates that the modulation is dominated by 

FRS (by contrast, self-modulation of the laser envelope[13] does not modulate the radially- 

integrated laser power[4,5,13]). 

The plasma density wake is shown in Fig. 3, which also illustrates the density channel 

profile. The corresponding on-axis electric wake field, shown in Fig. 4 exceeds 50 GV/m. 

With Ap = 12 /zm, A0 = 1.0 /zm, a0 = 0.38 and Ez = 50 GV/m, Eq. (6) indicates a 

maximum energy gain > 55 MeV for this case. 



V. Experiment: Plasma Density Channel Generation 

Production of a plasma with dimensions ^> Ap by an electrical discharge through a 

slotted capillary insulator has been proposed previously[27-30]. An electrical discharge 

heats the capillary plasma that radiates and provides further evaporation of the capillary 

walls. The created plasma flows into a vacuum cell through a slit in the anode (the anode 

channel). The plasma density and profile is controlled by varying the discharge parameters. 

The homogeneity of the plasma jet is obtained by using a long anode channel made out of 

an alloy with a high thermal conductivity. 

In preliminary experiments, a plasma was produced by a discharge through the capil- 

lary. The capillary consisted of a 10 mm long Teflon cylinder, with a 0.1 mm x 9 mm slit 

along it. This cylinder was placed between two electrodes connected to a 36 mF capacitor. 

The created plasma flowed out through a 0.1 mm x 10 mm anode channel. The capacitor 

voltage varied from 2 to 4 kV. The discharge was triggered by a third electrode by using a 

high voltage short pulse. At high discharge voltages the plasma density at the anode exit 

exceeds 2 x 1020 cm-3 [30]. When an anode made from a high thermal-conduction material 

with a high evaporation temperature (W-Cu alloy) was used, the anode wall ablation was 

reduced to a few percent of the total ablation. 

Information on plasma jet homogeneity and jet expansion near the anode exit was 

derived from images collected by the frame camera. Results show that the characteristics 

of plasma flow through the 25 mm long anode channel vary and can be divided into two 

regimes. In the case of low voltage (below 2.3 kV), the plasma jet duration is about 40% 

longer than the ohmic heating pulse. The jet homogeneity is slightly better than in the 

case of the shorter anode channel, the jet velocity is slightly lower, and the expansion 

angle at the anode exit is about 15°. When the discharge voltage reaches a value of 2.3 kV 

there is a conspicuous change in the flow process. The jet duration is about 7 times longer 

than the ohmic heating pulse. The first 10 ms of the flow is quite similar to the case of 

low energies, but afterwards the spatial homogeneity of the jet is much improved and the 

expansion angle at the anode exit is reduced to a few degrees. The jet velocity is about 

3 x 105 cm/sec. 



A possible explanation of the increased jet duration and the improved homogeneity in 

the case of the long anode channel can be related to the influence of viscous forces. These 

frictional forces opposing the flow direction are proportional to the flow velocity. In order 

to enable a steady flow, the pressure gradient should balance the frictional forces. This 

gradient is given by P = -I2pv(v)/d?, where p is the fluid density, v is the kinematic 

viscosity coefficient, d is the distance between channel walls and (v) is the average flow 

velocity. Thus, using the equation of state of an ideal gas and assuming a steady flow we 

can estimate T = -I2mav(v)/d2, where ma is the atomic weight. 

The estimated plasma temperature inside the capillary is 3.5 eV, leading to a tem- 

perature drop of about 2.5 eV (from 3.5 eV to 1 eV) along the first 10 mm of flow. This 

gradient accelerates the plasma jet up to above 5 x 105 cm/sec. For our experimental con- 

ditions of plasma temperature of leV and density of 1020 cm-3, the viscosity coefficient 

of the teflon plasma is 2.35 cm2/sec. The distance between the anode channel walls is 0.2 

mm. Thus, in order to overcome the frictional forces, the required temperature gradient is 

0.67 eV/cm. The required gradient is proportional to the square root of the temperature 

and inversely proportional to the density. Such a temperature gradient can be achieved at 

initial stages of the discharge when the outer region of the anode channel is cold due to 

the high heat conductivity of W-Cu alloy. 

At a later time, when the plasma jet heats the anode walls to about 0.3 eV, the 

conductivity is reduced and the temperature gradient of plasma jet becomes too small to 

support the jet velocity. Due to the flow rate reduction, the plasma remains for a longer 

period in the capillary. Therefore wall ablation continues for a much longer time than 

the first half cycle of the electric discharge and a large amount of plasma is generated. 

The plasma ablated in the late stages of the discharge is much cooler than during the 

first half cycle. Thus the pressure gradient is reduced and the plasma inhomogeneities 

are smoothed. This phenomenon has a positive feedback. Reduction of flow rate causes 

a reduction of the temperature and the pressure gradients, which in turn reduces the jet 

velocity and leads to further improvement of the homogeneity. 

The plasma density profile was simply controlled by a change of the applied voltage. 

The density profile was measured by an x-ray absorption technique using x-rays from the 

10 



laser produced plasma. The Abel inversion technique was applied to determine the plasma 

profile. The plasma density profile found to be parabolic[29]. 

11 



VI. Conclusions 

In this report, we have considered a self-modulated laser wake-field accelerator con- 

figuration in which the laser pulse is optically guided by a plasma density channel.  The 

preliminary experimental results of Sec. V show that long plasma channels with Lchan > A 

can be generated by a slow capillary discharge. 

Various key issues affecting laser propagation and electron acceleration were addressed. 

Specifically, beam-plasma and laser-plasma instabilities were considered. While Raman 

back scatter and Raman side scatter were found to have no significant impact, the laser- 

hose instability may be observable in the experiment if the laser focus and the plasma 

channel are significantly misaligned. Also, it was shown that phase slippage between the 

accelerated electron bunch and the wake field limits the acceleration for the high plasma 

density (~ 1019 cm"3) considered here. This high density is required to obtain self- 

modulation, which resonantly drives the plasma wake. 

Finally, numerical simulations using present experimental parameters (Sec. IV) showed 

that the laser pulse can be guided by such a channel and that, once laser modulation occurs, 

accelerating gradients in excess of 50 GV/m should be observable. The simulations also 

show that the laser pulse will remain guided even with significant variations in the on-axis 

channel density, as long as the on-axis density remains below the density at the outer 

edge of the channel. This result reflects the fact that the channel radius generated by the 

capillary-discharge is rchan ~ 50 fim > r0 ~ 10 /an, where r0 the laser spot size at focus. 
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Table I: Parameters of HU/NRL Experiment 

Laser Parameters 

Wavelength (A) 1.0 /zm 

Energy 30 mJ 

Pulse length (TL, L/C) 100 fs 

Focal spot radius (?•£,) 10 /zm 

Intensity 2 x 1017 W/cm2 

Power (P) 0.3 TW 

Strength parameter (ao) 0.38 

Rayleigh length (ZR) 0.3 mm 

Wake Field Parameters 

Plasma density (n0) 8.0 x 1018 cm~3 

Plasma wavelength (Ap) 12 /an 

Plasma channel length (Lchan) 1 cm 

Acceleration gradient (Ez) > 50 GV/m 

Energy gain > 55 MeV 

Electron Beam Parameters ( HU Febetron) 

Bunch duration {re) 50 ns 

Focused beam radius (re) 100 /zm 

Injection energy 750 KeV 

Current 10 A 

Number of electrons trapped 105 

15 



o.s 

0.6 

Sg^SSS^SHE 

OS* 
»v>«««»Kvx>x«««S 

TTiiii'i'i'i'ri'■' 'I'I 11 i.ii'i'i1''1 '"I'I I 'I'I'I'1 iii II'I'I'I'I1' ' ' 'i 11 I.UI'I'I'H <' 'I'I 

^^^ 
K««S&SxW>lSS 

__V=»^ 

-<ö^ 

Fig. 1 — Laser intensity | äf\
2, sampled over a coarse grid (the numerical grid is much 

finer), at cr = 0.75 cm (24ZR) shows modulation of the laser pulse. The direction of 
propagation is towards the right. 
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Fig. 2 — Laser power P versus f at CT = 0.75 cm 
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Fig. 3 — Plasma electron density n/n0 at er = 0.75 cm 

18 



100 -i 1 1 i 1 1 i r ~ i T 1 1 r 

50 

> 0 

N 

H 
50 

-100 1    ' i i_ '   '   ' i_ 

-200 -150 -100 -50 

Fig. 4 — Electric wake field E. versus f at CT = 0.75 cm 
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